Background: Several recent studies have shown that . stress markedly delays wound healing. This study assessed the relationship between psychological stress and the secretion of proinflammatory cytokines at an actual wound site, providing in vivo data on the development of local immune responses that are central in the early stages of wound repair.
associated with poorer outcomes, including longer hospital stays, more postoperative complications, and higher rates of readmission to a hospital. One key psychobiological mechanism is suggested by evidence that stress slows wound healing. For example, in women caring for a relative with Alzheimer disease, a small, standardized dermal wound took 24% longer to heal than in well-matched controls. 3 Further research demonstrated that even a transient, commonplace stressor-academic examinations-could substantially delay mucosal wound repair: wounds placed on the hard palate 3 days before a major test healed an average of 40% slower than those made in the same persons during summer vacation. 4 Wound repair progresses through overlapping stages. 5 In the initial inflammatory phase, vasoconstriction and blood coagulation are followed by platelet activation and the release of platelet-derived growth factors. 6 The factors act as che-moattractants for the migration of phagocytes (neutrophils and monocytes) to the site, starting the proliferative phase that involves the recruitment and replication of cells necessary for tissue regeneration and capillary regrowth. Wound remodeling-the final step-may continue for weeks or months. The healing process is a cascade, and success in later stages is highly dependent on initial events. 5, 7 Immune function plays a key role early in this cascade. Proinflammatory cytokines such as interleukin (IL) 1 and tumor necrosis factor (TNF) are essential to this effort; they help protect against infection and prepare injured tissue for repair by enhancing phagocytic cell recruitment and activation. 7 Furthermore, cytokines released by recruited cells regulate the ability of fibroblasts and epithelial cells to remodel the damaged tissue. Interleukin 1 produced early after tissue injury can regulate the production, release, and activation of metalloproteinases that are important in the destruction and remodeling of the wound; IL-1 also regulates fibroblast chemotaxis and the production of collagen. Furthermore, IL-1 stimulates the production of other cyto-M ARCH GEN PSYCHIATRY / VOL 56, MAY 1999 450 ANY STUDIES 1,2 in psychosomatic medicine have shown that greater fear of distress before surgical procedures is
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SUBJECTS AND METHODS
SUBJECTS
The subjects, 36 postmenopausal women (mean ± SD age, 57.2 ± 6.6 years) responded to announcements offering $200 for a study on wound healing; notices had been placed in community, hospital, and university newspapers, as well as senior citizen centers. The participants were not selected on the basis of any stress criteria and were not screened for psychiatric illness. Based on the substantial relationships observed between stress and wound healing, even within the control group in a previous dermal wound study, 3 these women were recruited through the same sources (and with the same health criteria) to provide parallel data on mechanisms. Women who met criteria following a 15-to 20-minute telephone interview were sent a detailed letter describing the protocol. The average education was partial college; 16 were married, 13 were separated or divorced, and the rest were widowed (n = 5) or single (n=2). Subjects were excluded if they reported a history of diabetes mellitus or peripheral vascular disease, difficulties with wound healing, the use of anti-inflammatory medication or other medications with obvious immunologic consequences, or immunologically related health problems, eg., cancer, autoimmune disease, or recent surgical treatment. In addition, smokers were excluded, as were women who reported drinking 10 or more alcoholic beverages per week. The 17 women taking estrogen supplements, medroxyprogesterone acetate, or both, were evaluated during the estrogen-only phase of their cycle. Data from 4 women were not included in the final analyses; 2 had no blister chamber data after 24 hours due to leakage, l subject's complete blood cell count was aberrant, and 1 woman's baseline cortisol level fell more than 4 SDs above the mean. The Ohio State University Biomedical Research Review Committee approved the project; all subjects gave written informed consent before the initial blood specimen was drawn (Table 1) .
SUCTION BLISTER PROTOCOL
Our suction blister protocol (Table 1) was taken directly from the one used in several studies conducted at the National Institute of Allergy and Infectious Diseases [13] [14] [15] and used the same commercial suction blister device (Neuro-Probe, Cabin John, Md), described in detail elsewhere. 15 To assess the early phase of the inflammatory response to wounding in vivo, a plastic template was taped to the volar surface of the nondominant forearm; a vacuum of 350 mm Hg was applied through a pump attached to a regulator until blisters formed (1-1'/2 hours). This gentle suction separated the dermoepidermal junction, creating 8 sterile 8-mm blisters, each roughly the size of a pea. After the fluid was drained from each blister (0.05-0.1 mL) with a syringe, the blister roof (the epidermis) was removed with sterile scissors, and a plastic template was placed over the blister wounds. Using a syringe, the template wells were filled with 0.8 to 1.0 mL of 70% autologous serum in a Hanks' balanced salt solution, 15 and the top was sealed with sterile tape. Five hours after the blisters were raised, the autologous serumbuffer solution was aspirated from half the wells with a syringe; the remaining solution was aspirated from the other 4 wells after 24 hours. Cells in the fluid were counted and then separated by centrifugation.
PSYCHOLOGICAL DATA AND HEALTH-RELATED BEHAVIORS
The 10-item Perceived Stress Scale (PSS) 16 measured the degree to which subjects perceived their daily life during the previous week as unpredictable, uncontrollable, and overloading on items rated from 0 (never) to 4 (very often). The Cronbach α was .91 in this sample. Although overlapping with measures of psychological distress (particularly depressive symptoms), PSS scores are better predictors of physical symptoms and health services use. 16 The Positive and Negative Affect Schedule, a 20-item scale, measures 2 psychometrically independent dimensions of emotional experience that have different correlates. 17 Negative affect is strongly related to symptoms such as depression, as well as perceived stress and health complaints. Positive affect is associated with social activity, exercise, and health complaints. 17 The Cronbach α was .90 and .89 for negative and positive affect, respectively.
Continued on next page kines important for wound healing, including IL-2, IL-6, and IL-8. Accordingly, IL-1 deficits early in the wound repair cascade can have adverse consequences later in the process.
The dysregulation of glucocorticoid secretion provides 1 obvious mechanism through which stress can disrupt the cascade. For example, mice treated with glucocorticoids showed impairments in the induction of IL-1 and TNF, as well as defects in wound repair. 5 Mice subjected to restraint stress had serum corticosterone levels more than 4 times those of unstressed mice, and a dermal wound healed 27% slower in the former mice than in the latter. 8 When the glucocorticoid receptors of restraintstressed animals were blocked with RU 40555, their healing rates were comparable to those of control mice.
In contrast to the generally adverse effects of glucocorticoids, growth hormone (GH) can enhance wound healing. 9 This hormone serves as a macrophage activa-tor; among its activities, it stimulates monocyte migration and amplifies mechanisms for protection from infection. 10, 11 Early events in wound healing, particularly in the first 24 hours, represent a critical period. 7, 12 Skin blister wounds allow an investigator to monitor the kinetics of this key phase in vivo. l3 We hypothesized that higher levels of psychological stress would be associated with impairments in the local inflammatory response.
DISCOMFORT DURING THE SUCTION BLISTER PROTOCOL
The blister procedures produced minimal pain or discomfort. Using a 0 to 6 scale, only 4 women rated the highest level of discomfort experienced during the hour ARCH GEN PSYCHIATRY / VOL 56, MAY 1999
451
RESULTS
The Psychiatric Epidemiological Research Inventory Life Events Scale 18 provided data on the number and types of major life changes in the past year. Subjects were asked whether each event was "negative" (detrimental) or "positive" (beneficial). Health-related behaviors, assessed at entry to the General Clinical Research Center, included recent medication use, hours of sleep in the past 24 hours and the past 3 days, and recent alcohol intake. 19 Two questions assessed exercise. 20 The 36-item RAND Health Survey 21 provided a non-disease-specific measure of functioning and well-being with excellent normative data.
IMMUNOLOGIC AND ENDOCRINOLOGIC STUDIES
Blood specimens were collected in EDTA tubes (for plasma) and serum tubes (Vacutainer; Becton Dickinson Labware, Franklin Lakes, NJ). After the latter were allowed to clot at room temperature for 30 minutes, they were centrifuged for 10 minutes at 2700 rpm; serum was removed and stored at -86°C until assayed. Blister fluid was centrifuged for 30 seconds to extract any cells in a pellet, and the supernatant was removed and stored at -86°C until assayed.
Specimens and standards were set up in duplicate on human IL-1α and IL-8 kits (Quantikine; R&D Systems, Minneapolis, Minn). Specimens were incubated for 1 hour on the plates, and enzymelinked immunosorbent assays were performed according to the manufacturer's instructions. All chamber fluid specimens used for assaying IL-la had to be diluted 1:2 to fall within the standards range; data for IL-1α in serum specimens were not available because of the sensitivity of the kits. For the IL-8 enzyme-linked immunosorbent assay, 5-and 24-hour chamber fluid specimens were diluted 1:10 and 1:75, respectively, and serum specimens were used undiluted.
Plasma cortisol, GH, and salivary cortisol were assayed using chemiluminescent techniques (Nichols Institute, San Juan Capistrano, Calif). The saliva obtained from a dental cotton roll was lyophilized and reconstituted at a 5-fold higher concentration for the afternoon and evening values to fall within detection limits. These assays have excellent sensitivity and specificity with intra-assay and interassay coefficients of variation of less than 8%.
STATISTICAL METHODS
Several primary research questions involved the relationships between continuous independent variables and repeated measures of dependent variables. These relationships were analyzed using repeated-measures regression models, 22 which are generalizations of the standard multiple regression model to incorporate repeated measures of dependent variables. 23, 24 For the analysis of immune measures, dependent variables were repeated measures (5-and 24hour specimens) of IL-1α and IL-8 levels and cell numbers from peripheral blood and blister wells. Independent variables were PSS scores and levels of 2 key hormones-cortisol and GH-measured from plasma and blister fluid specimens. The same regression method was used to study blood pressure and heart rate measured on 4 occasions during the suction blister procedure, with perceived stress as the sole predictor. Analogous to the analysis of variance, this regression method partitions the variance of a dependent variable into within-subjects effects, consisting of the effects of time and interactions of time with the continuous independent variables, and between-subjects effects, consisting of the main effects of the continuous independent variables. A significant effect of time implies a significant change in the mean level of the dependent variable with time. A significant interaction of a continuous independent variable with time implies that the pattern of change with time varies with the level of the independent variable. A significant main effect of a continuous independent variable implies that the predictor explains a statistically significant variation in differences among subjects collapsed across time.
Another set of analyses was conducted to study characteristics of subjects producing high vs low levels of cytokines at wound sites to identify more homogeneous or distinct groups. Median splits were applied to both IL-1α and IL-8 levels, and subjects falling into the high or low category on both cytokines were designated as high or low producers, respectively. Analyses of variance were used to analyze differences between these 2 subgroups on psychological and endocrine variables, as well as measures of health behavior. All tests were 2-tailed, using a .05 α level.
when the blisters were raised and de-roofed as high as 3 ("distressing"), 12 (33%) said it was discomforting (score of 2), 17 (47%) rated it mild (score of 1), and 3 (8%) gave ratings of 0 (none). Thereafter, with the blister chamber in place, the site was rated as 0 by 31 (86%), and the remainder rated it as 1. Similarly, cardiovascular data collected by nurses (Table  2 ) did not suggest the procedure was stressful.
REGRESSION ANALYSES: BLISTER CHAMBERS AND PERIPHERAL BLOOD
The blister chamber fluid analyses used the data from 2 chambers as replicates. The correlations between pairs of chambers demonstrated good reproducibility, with r =0.97 and r =0.92 for IL-1α at 5 and 24 hours, respectively; r = 0.90 and r = 0.72 for IL-8 for the same periods; and r = 0.84 and r = 0.76 for the number of cells that had migrated into the chambers from the wound site (P<.001 for all). The mean of each pair was used for subsequent analyses. The 2 baseline measures for cortisol and GH levels, 1 from plasma and 1 from the blister (interstitial) fluid, were significantly correlated (for GH, r = 0.67, and for cortisol, r = 0.67; P<001 for both). For GH, the blister fluid mean ± SD level was 0.4 ± 0.4 ng/mL, compared with 2.5 ± 3.2 ng/mL in plasma, whereas the respective values for cortisol were 2.6 ± 1.0 µg/ dL and 15.3 ± 4.1 µg/ dL. To reduce the number of variables in the regression analyses, we combined the 2 baseline values for each hormone by converting them to z scores and averaging them.
The number of cells in blister chamber fluid specimens increased markedly (F l , 3o =41.35; P<001), with a mean ± SD (log 10 ) of 3.5 ± 1.1 cells per milliliter and 5.8 ± 0.5 cells per milliliter at 5 and 24 hours, respectively. The number of cells that accumulated in blister ARCH GEN PSYCHIATRY / VOL 56, MAY 1999 wells was not associated with stress or GH or cortisol levels (F<1,00; P>.44 for all). When the CD13 monoclonal antibody was used to identify myeloid cells by flow cytometry in the 24-hour blister chamber specimens of 17 subjects, 0.92 of the cells were neutrophils, 0.023 were macrophages (MO2 monoclonal antibody, n=13), and 0.032 were T lymphocytes (CD3 monoclonal antibody, n=12).
Stress was significantly associated with the production of both cytokines at the wound site ( F i g u r e 1 and F i g u r e 2 ) . Tests of between-subjects effects showed that baseline cortisol levels had no significant relationships to either cytokine (P>.21 for all); substituting baseline salivary cortisol values in the analyses did not alter the nonsignificant contribution of this hormone in this set of analyses (but see below, relationships with cortisol data spanning 24 hours). Growth hormone levels, however, were a significant predictor of IL-8 levels in the blister chamber fluid (F 1,32 = 4.81; P<04); in addition, a significant interaction for GH and time showed that higher levels of GH were associated with higher levels of IL-8 after 5 hours, whereas higher levels of GH were associated with lower levels of IL-8 after 24 hours (F1,32=5.00; P=.03). The GH level was not related to the IL-1α level (F< 1.00; P>.36 for all). Finally, levels of IL-1α and IL-8 in blister chambers were significantly related after 24 hours (r= 0.58; P<001), and the level of IL-8 in blister chamber fluid specimens after 24 hours was correlated with the accumulation of cells in chambers (r= 0.73; P<001).
In contrast to the increased amount of IL-8 in the blister chamber fluid, serum IL-8 levels from peripheral blood showed no change with time (F< 1.00; P =.53) and no significant association with stress or either hormone. Similarly, we found no relationship between leukocyte counts in peripheral blood (from the complete blood cell count) and the number of cells in the blister chambers after 5 (r=0.06) or 24 hours (r=-0.02).
PSYCHOLOGICAL AND HEALTH BEHAVIOR DATA
Most middle-aged and older adults take some medication; in our sample, 17 women took estrogen supple-ARCH GEN PSYCHIATRY / VOL 56, MAY 1999
F i g u r e 1. Perceived Stress Scale scores were divided into quartiles to illustrate the relationship between stress and interleukin 1α (IL-1α) production after 5 (top) and 24 (bottom) hours (n= 36). The increase in IL-1α
levels between 5 and 24 hours did not reach significance (F 1,32=3.60; P =.07). Higher stress was associated with lower production of IL-1α (F1,32=5.73; P<.03).
* Values are given as mean ± SD. Perceived Stress Scale scores were not significantly associated with any of the 3 cardiovascular measures, either in main effects or interactions with time (P>.12 for all). GCRC indicates General Clinical Research Center.
ments, 5 took thyroid supplements, and 2 used prescription diuretic medications. We found no systematic differences related to any type of medication. In particular, comparisons between the 17 women taking estrogen and the remainder of the sample showed no difference on PSS scores (F<1.00; P=.44). When estrogen replacement therapy was included as a between-subjects variable in the regression analyses for the prediction of immune assays, its effect was not significant, and it did not alter the findings for stress.
Health-related behaviors were not correlated with cytokine levels. All subjects were within the reference ranges for plasma albumin levels and total lymphocyte counts. Thus, we found no significant relationships between health habits and immune data.
CHARACTERISTICS OF SUBJECTS PRODUCING HIGH OR LOW LEVELS OF CYTOKINES AT WOUND SITES
Subjects who had low cytokine levels reported more stress, more negative affect, and a marginally higher number of adverse life events compared with those with high cytokine levels (Table 3) , with no differences in positive affect. Consistent with their greater distress, women with low cytokine levels had higher levels of salivary cortisol than women with high cytokine levels (Figure 3, top) . The group-by-time interaction in plasma cortisol levels reflected some variation in the relationship across the 3 time points (Figure 3, bottom) . Women with low and high cytokine levels did not differ on GH levels (F 1,25 =1.55; P=. 22 ). The group-by-time interaction was similarly not significant (172,24= 2.06; P=.15).
Health habits and health perceptions were not reliably related to cytokine production. Among the health behaviors described earlier, none differed between groups, including estrogen status (χ 2 1 =1.29; P=.45). The 2 groups did not differ on any of the physical health dimensions of the RAND Health Survey 2l (P>.88 for both). Although women with high cytokine levels were older than those with low cytokine levels by a mean ± SD of 5. Psychological stress can have measurable adverse consequences for key immunologic events at wound sites. Women who reported more stress produced significantly lower levels of 2 proinflammatory cytokines important for the early stages of wound healing-IL-1α and IL-8. As expected, immunologic changes in peripheral blood did not reflect these events at the wound site. In accord with recent studies 3, 4, 8 that have revealed large and significant relationships between stress and wound healing, these data suggest 1 obvious mechanism: stress can delay the appearance of proinflammatory cytokines early in the wound repair cascade.
Stress-induced elevations in glucocorticoid levels can alter the carefully regulated dynamic system that controls development of the inflammatory response, suppressing IL-1α and TNF production . 5, 25 Consistent with these data, we found that women who produced low cytokine levels reported more stress and more negative affect than women who produced high cytokine levels, and the former also had higher levels of salivary cortisol. Findings for plasma cortisol were similar but showed less consistent relationships with time; the 2 may differ because plasma cortisol measurements provide data on protein-bound and -unbound fractions of the hormone, whereas salivary cortisol levels represent only the unbound, "free" fraction. 26 One limitation of the study is the relative frequency of endocrine specimens. Elevations in cortisol levels in response to novel or threatening stimuli have been reported repeatedly. 26, 27 Thus, subjects' initial responses to the protocol may have overshadowed more persistent stressrelated differences, reflected in the heightened values observed at baseline compared with those obtained after 24 hours.
Similarly, 1 explanation for the unexpected interaction between time and GH levels in IL-8 analyses may be related to the changes in the kinetics of GH during the period in question; most GH secretion occurs at night during deep sleep, 9 a period not assessed in this study. The positive relationship between baseline GH and IL-8 after 5 hours is likely to be more reliable than the negative relationship between baseline GH and IL-8 levels after 24 hours because of the shorter interval between the former measures and because the highest secretion of GH occurs between the 5and 24-hour measurements of IL-8.
The present observations on the kinetics of the local inflammatory response are in accord with previous studies using suction blister wounds. For example, in previous work, 13 the migration of leukocytes (primarily neutrophils) into the chamber fluid was detectable within 5 hours and appeared to plateau at 16 to 24 hours. Similarly, other studies found that IL-1α levels did not increase significantly, in contrast to those of IL-8, a potent neutrophil chemoattractant, which showed significant increases in blister chamber fluid during the first 24 hours. 14 Several cell types appear to produce IL-8, including peripheral blood neutrophils, and the appearance of neutrophils in the chambers was correlated with IL-8 secretion. 14 A disruption of immunologic events in the local wound environment can have clinically important con-sequences. In 3 studies 3,4,8 that assessed the repair of standardized wounds, the stress-related delays in healing ranged from 24% to 40%, and the effect sizes (using a squared simple correlation as a measure of the proportion of variance in healing time accounted for by stress) were between r 2 = 0.30 and r 2 = 0.74. Unquestionably, these effects are not just statistically significant but large in a substantive sense.
The stress-related deficits in local cytokine production and wound repair are consistent with the broad psychosomatic medicine literature addressing psychological influences on postsurgical recuperation . 28 Among the more than 200 studies 1,29,30 published in the past 3 decades on presurgical intervention, beneficial effects have included decreased anxiety and stress, reductions in hospital stay, fewer postoperative complications, better treatment compliance, less pain and use of analgesic medications, and alterations in various physiological indices. Given the substantial consequences of stress for wound repair, even a small diminution in anxiety could have substantial clinical consequences, both directly and indirectly. 28 In this study, the women's mean ± SD PSS score was 14.4 ± 7.3, virtually identical to our control group's mean in our first wound study 3 ; furthermore, the value falls at the mean for women in data from a national sample. 16 Accordingly, these data demonstrate that stress, even within a normal range, can be associated with alterations in the local production of proinflammatory cytokines. Much larger effects are likely among clinically depressed persons, based on the well-documented links between depression and immune dysregulation, as well as depression and cortisol levels . 31.32 Indeed, recent data from a well-controlled study 33 showed that depressive symptoms were significant predictors of infection-related readmission to a hospital following coronary artery bypass graft surgery, illustrating the importance of identifying and treating at-risk patients before surgery. Psychological or pharmacological presurgical interventions could have a notable effect on the quality of life for patients and families, as well as substantial economic savings, 33 areas of obvious importance for future work.
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